cytochrome b-559Hp, cytochrome b-559LP, and cytochrome aa3 by use of reduced-minus-oxidized difference spectra. The level of cytochrome aa3 in heterocyst membranes was 4 to 100 times higher than that in vegetative cells of Aaabaena 7120 or other species of cyanobacteria. Heterocyst membranes lack cytochrome b-559Hp but contain cytochrome b-559Lp (E.7i = +77 millivolts, n = 1) at approximately the same concentration as cytochrome f. The role of cytochrome b-559p in the hydrogenasedependent electron transfer pathway was investigated with the inhibitor 2-(n-heptyl)4-hydroxyquinoline N-oxide which blocks electron flow from hydrogenase to acceptors reacting with the plastoquinone pool. Addition of inhibitor elicited no change in the reduction level of cytochrome b559w indicating that this cytochrome is not directly involved in this pathway.
In a number of filamentous cyanobacteria, vegetative cells differentiate into a specialized cell type, the heterocyst. Heterocysts are the site of N2 fixation and make up 5 to 10% of the cells in the filament. Among the most important changes occurring during differentiation is the elimination of PSII. Since the Chl to P700 ratio and the level of accessory pigments is greatly diminished in heterocysts, these cells are excellent subjects for the study of components involved in PSI-dependent electron transfer.
Several cytochromes are present in photosynthetic membranes. A multiprotein complex containing Cytfand Cyt b-563, which catalyzes electron transfer from plastoquinol to plastocyanin, can be isolated from chloroplasts (17) and cyanobacteria (19) . PSII preparations from chloroplasts contain Cyt b-559HP (Em7 = +370 mv) which can be converted to a lower potential form by several treatments (4) . An Because heterocysts possess a number of respiratory electron transfer complexes including Cyt oxidase (25) , pyridine nucleotide dehydrogenase (15) , and uptake hydrogenase (12) , activity of the respiratory chain must also be considered when interpreting electron transfer data. In cyanobacteria, the respiratory and photosynthetic electron transfer chains appear to share a number of components including plastoquinone (6, 10) , Cyt c-533 (20) , and the Cyt b-fcomplex (23) . Specific involvement ofmembranebound Cyt with the respiratory chain may also occur as in Rhizobium and Xanthobacterwhere evidence has been presented supporting the close association of a b-type Cyt with the membrane-bound uptake hydrogenase (7, 28) .
This study reports a quantitative determination of electron transfer components ofheterocyst and vegetative cell membranes and demonstrates the existence of a Cyt b-559Lp in heterocyst membranes. The possible function of this Cyt in the photosynthetic or hydrogenase-dependent electron transfer chain is examined.
MATERIALS AND METHODS
Growth of Anabaena 7120 (ATCC 27893) and isolation of heterocysts was carried out as described previously (15) . A crude vegetative cell extract was prepared by washing filaments (6 7.5) and finally resuspended in 2 to 3 ml 40 mM Hepes.
The Cyt content of these membranes was determined by measuring reduced-minus-oxidized difference spectra in the Cyt a-band region using a single-beam, dual wavelength spectrophotometer with 545 nm as the reference wavelength. Reductants were added sequentially to a single sample and, after addition of each reductant, spectra were recorded and stored in a computer. Absorbance changes were measured relative to a straight line (605-630 nm) was used (29) .
Redox titrations of heterocyst membranes were performed as in Clark and Hind (5) . Samples contained heterocyst membranes in buffer (40 mm Hepes, pH 7.5, 1 mM MgCl2, 100 mM KC1) with the following mediators present at 4 Mm each: 1,4-naphthoquinone, 5-hydroxynaphthoquinone, duroquinone, menadione, 2-hydroxynaphthoquinone, anthraquinone 1,5-disulfonate, and 2,5-dihydroxybenzoquinone. Chl was measured as described previously (15) . P700 was determined from the light-induced reversible bleaching at 703 nm (14) .
H2 uptake was measured amperometrically as in Houchins and Burris (13) except that the buffer was 40 mM Hepes, pH 7.5. Heterocyst membranes used for measurement of H2 uptake rates and hydrogenase-dependent difference spectra ( 
RESULTS AND DISCUSSION
The Cyt content of heterocyst and vegetative cell membranes was quantitated by measuring difference spectra following sequential addition of chemical reductants that selectively reduce the individual Cyt. Difference spectra obtained with membranes from heterocysts and vegetative cells are shown in Figure 1 . The a-band of Cyt b-563 appears in the dithionite-minus-menadiol difference spectra while the hydroquinone-minus-ferricyanide difference spectra show the characteristic features of cyanobacterial Cytf with an absorption peak at 556 nm and a shoulder at 550 nm (12) . In agreement with an earlier report (1), addition of ascorbate to samples containing hydroquinone elicits reduction of Cyt b-559 in vegetative cell but not in heterocyst cell membranes, suggesting that this peak corresponds to the Cyt b-559HP of PSII.
The menadiol-minus-ascorbate difference spectra show additional Cyt reduction as a slightly broadened peak at 560 to 561 nm. The corresponding difference spectrum obtained from heterocyst membranes at 77 K (Figure 2) indicates that this peak is comprised of contributions from both Cyt b-559 and Cyt b-563. Figure 2 also shows a normalized difference spectrum over a comparable redox span, presented (17) for Cyt b-f complex isolated from Anabaena variabilis. At 77 K, the higher potential heme of Cyt b-563 has a split absorption band with minor peak at 557 nm; thus, a significant fraction of the overall A at 557 nm is due to Cyt b-563. A single peak at 557 nm (Cyt b-559Lp) remains upon subtraction of the Cyt b-563 component (Fig. 2) . Since heterocysts lack PSII (and presumably the associated Cyt b-559Hp) and since the redox properties ofthe menadiol-reducible Cyt b-559 in heterocyst membranes differ from those of Cyt b-559HP, the Cyt b-559 of heterocysts may be presumed distinct from that found in the PSII complex. Redox titrations of heterocyst membranes (Fig. 3) revealed the midpoint potential ofthis Cyt b-559 to be +77 mv (n = 1) at pH 7.5.
The spectra of heterocyst membranes shown in Figure 1 ascorbate plus PMS3. Cyt aa3 has been observed previously in cyanobacteria by Peschek (22) ; however, in contrast to his results, exposure ofthe reduced Cyt to 100% CO for several minutes did not result in a measurable spectral change. The corresponding special region of vegetative cell membranes is not shown in Figure 1 because interfering absorption prevented the determination of Cyt aa3 from the difference spectrum. Measurement ofCyt oxidase activity in vitro, however, revealed that the specific activity on a Chl basis in vegetative cell membranes is only about 2% of that in heterocysts (M. J. Hawkesford, personal communication).
In agreement with previous reports (1, 26), heterocyst membranes were found to have a diminished content ofChl, with Chl to P700 ratios of 120 in heterocysts and 180 in vegetative cells. The relative ratios of the different electron carriers in heterocyst and vegetative cell membranes are listed in Table I ble) in membranes from both cell types. (24) for vegetative cells from a number of cyanobacterial species.
We have also measured the levels, in heterocysts, ofthe soluble electron carriers Cyt c-553 and plastocyanin; these results have been reported previously (14) . The relative amount of these proteins depends on the concentration of Cu2+ in the growth (27) .
Attempts were made to determine the role of Cyt b-559LP in heterocysts. Eisbrenner and Evans (7) have reported that a btype Cyt is closely associated with the membrane-bound uptake hydrogenase in Rhizobium, and they have suggested that this Cyt may be the first electron acceptor from hydrogenase in that organism. The cytochrome was rapidly and selectively reduced upon exposure of cells to H2, and the Cyt was synthesized only after derepression of hydrogenase. Similarly, a hydrogenase-Cyt b complex has been isolated from Xanthobacter autotrophicus (28) . The possibility that Cyt b-559 plays an analogous role in the hydrogenase-linked electron transport chain of heterocysts was examined by using the inhibitor HQNO. This inhibitor acts at a number of quinone binding proteins including protein B of PSII (the DCMU site; Ref. 18 ) and the two quinone binding sites of the Cyt b-f complex (16) . As an electronic analog of a semiquinone, HQNO appears to exert potent inhibition in situations where one-electron carriers such as Cyt must react with quinones carrying two electrons, with a semiquinone as a likely intermediate. HQNO has been shown previously to block H2 uptake with a number ofdifferentelectron acceptors (13) . The sites of inhibiton relevant to the H2 uptake pathway of heterocyst membranes are shown in Figure 4 Figure 5 . The potent inhibition of these reactions (50% inhibition at 3.5 ;&M HQNO) and the fact that these reactions are not blocked by DBMIB (13) , which prevents electron transfer from plastoquinol to the Cyt b-f complex, indicate that a separate site of HQNO inhibition exists that does not involve either of the inhibition sites on the Cyt b-fcomplex.
Several possible HQNO inhibition sites and two potential pathways ofelectron transfer from H2 to duroquinone are shown in Figure 4 . The most likely points of inhibition are sites 1 and 2 (Fig. 4) 
